Fimbriiglobus ruber gen. nov., sp. nov., a Gemmata-like planctomycete from Sphagnum peat bog and the proposal of Gemmataceae fam. nov. An aerobic, budding, dark pink to red-pigmented bacterium was isolated from an acidic boreal Sphagnum peat bog and designated strain SP5 T . Cells of this strain were non-motile spheres that were uniformly covered with crateriform pits and fimbria, and tended to form aggregates during growth in liquid media. Strain SP5 T was capable of growth between pH 4.0 and pH 6.8 (optimum at pH 5.5-6.0) and at temperatures between 10 and 30 C (optimum at 20-25 C). The preferred growth substrates were sugars and some heteropolysaccharides. The major fatty acids were C 20 : 1 !9c, C 16 : 1 !9c and C 16 : 0 , and the major polar lipid was trimethylornithine. Cells contained also significant amounts of bound (!-1)OH-C 30 : 1 fatty acid. The quinone was menaquinone-6, and the G+C content of the DNA was 60.7 mol%. Strain SP5
The phylogenetic lineage of planctomycetes defined by the genus Gemmata includes four described organisms at the time of writing. The first taxonomically characterized member of this lineage is Gemmata obscuriglobus, which is represented by single, spherical and stalk-less cells isolated from a sample of water collected from the surface waters of Maroon Dam, Queensland, Australia [1] . The second member of this genus, 'Gemmata massiliana', was recently isolated from a hospital water network in France [2] . Two other Gemmata-related planctomycetes, Zavarzinella formosa [3] and Telmatocola sphagniphila [4] were isolated from northern Sphagnum-dominated wetlands. In contrast to stalk-less Gemmata, cells of these planctomycetes form thick stalks and can be assembled in large rosette-like clusters (Zavarzinella) or dendriform-like structures (Telmatocola). Some strains of Gemmata-like bacteria have been cultivated from compost heap leakage water [5] , soil and ornamental fountain water [6] but their morphology and characteristics were not described in detail.
Gemmata-related 16S rRNA gene sequences have been retrieved from diverse habitats including soils [7] , rivers [8] , lakes [9] , wastewater treatment plants [10] , geothermal steam vents [11] , gastrointestinal tract of fish [12] , and the human gut [13] . Northern wetlands are also among the environments colonized by Gemmata-related planctomycetes [14] [15] [16] [17] . In this study, we describe one of these peatinhabiting planctomycetes, strain SP5 T , which is distantly related to G. obscuriglobus but represents a novel genus and species.
An acidic (pH 3.8) peat soil used for isolation of strain SP5
T was sampled in June 2010 from the upper oxic layer (0-10 cm) of the Sphagnum-dominated ombrotrophic peat bog Obukhovskoye, Yaroslavl region, European North Russia (58 14¢ N 38 12¢ E). This peat served as the isolation source of another, earlier described peat-inhabiting planctomycete Telmatocola sphagniphila OB3 [4] . The enrichment strategy, which gives a selective advantage to planctomycetes, and the isolation approach have been described elsewhere [4] . Briefly, 2 g wet peat were suspended in 10 ml sterile water and treated in a laboratory stomacher at 240 r.p.m. for 5 min. The resulting peat suspension was used to inoculate 500 ml serum bottles containing 90 ml sterile dilute mineral medium M1 of the following composition ( [18] ; pH 4.8-5.5. The bottles were tightly closed and incubated in the dark at room temperature. After incubation for 4 weeks, 20 µl aliquots of the resulting enrichment cultures were spread plated onto medium M31 (modification of medium 31 described by Staley et al. [18] ), solidified with 10 g phytagel (Sigma-Aldrich), containing (l À1 distilled water): 0.1 g KH 2 PO 4 , 20 ml Hutner's basal salts, 1.0 g N-acetylglucosamine, 0.2 g ampicillin (sodium salt), 0.1 g peptone and 0.1 g yeast extract; pH 5.8. The plates were then incubated at 22 C for 4 weeks in gastight jars containing 5 % CO 2 (v/v) in air, generated by GENbox CO 2 system envelopes (bioM erieux). Colonies and microbial cell masses that developed on plates were screened microscopically for the presence of budding cells with planctomycete-like morphology. The selected cell material was re-streaked onto the same medium M31, supplemented with 0.05 % glucose. This procedure resulted in isolation of two strains, OB3 and SP5
T . The former was described in our earlier publication [4] , while the later was characterized in the course of this study.
The isolate SP5
T was maintained on medium M31 and was sub-cultured at 2-month intervals. Morphological observations and cell size measurements were made with a Zeiss Axioplan 2 microscope and Axiovision 4.2 software (Zeiss). For negative staining, cells were dried onto grids and treated with 1 % (w/v) phosphotungstic acid. The specimen samples were examined with JEM-100B or JEM-1011 (JEOL) transmission electron microscopes. For scanning electron microscopy, the bacteria were fixed in 2 % (v/v) glutaraldehyde in liquid medium M1 without carbon sources for 0.5-1 h and in some cases were post-fixed in 1 % (w/v) osmium tetroxide in the same medium for 4 h. The samples were then dehydrated through an ethanol series, left in absolute acetone overnight, critical-point dried on a Dryer HCP-2 (Hitachi), coated with the Au-Pd alloy on IB-3 Ion Coater (Eiko) and examined with a JEOL JSM-6380LA scanning electron microscope (JEOL).
On phytagel-solidified medium M31, strain SP5
T formed small (1-2 mm), circular, red-pigmented colonies with an entire edge and a smooth surface. These colonies were composed of non-motile, spherical cells, which varied in size from 1.6 to 2.8 µm and reproduced by budding (Fig. 1a) . The buds separated from the mother cells were non-motile. Liquid cultures displayed pink turbidity. Old (4-5 weeks) cultures contained large (up to 1-2 mm) cell aggregates, which formed dark pink sediment at the bottom of cultivation bottles.
As revealed by scanning electron microscopy, cells of strain SP5
T were connected to each other by surface structures, obviously representing the bundles of fimbriae (Fig. 1b) . The fine structure of these bundles was visible on negatively stained cells using transmission electron microscopy (Fig. 1c) . Apparently, this was one of the reasons for high cell aggregation in cultures of this bacterium. Examination of negatively stained cells using electron microscopy also showed the presence of numerous single fimbriae and crateriform pits, which were uniformly scattered over the cell surface (Fig. 1c) .
Physiological tests were performed in liquid medium M31. Growth of strain SP5
T was monitored by nephelometry at 600 nm in an Eppendorf BioPhotometer for 2-3 weeks under a variety of conditions, including temperatures of 4-37 C, pH 3.8-8.0 and NaCl concentrations of 0-3.0 % (w/ v). Incubations at various temperatures were made under static conditions in triplicate; the OD 600 was determined after incubation for 2 weeks. Variations in the pH were achieved by mixing 0.1 M solutions of H 2 SO 4 and KOH. Strain SP5
T was capable of growth at pH values between 4.0 and 6.8 (with optimum growth at pH 5.5-6.0) (Fig. S1 , available in the online Supplementary Material), and at temperatures between 10 and 30 C (optimum 20-25 C). NaCl inhibited growth at concentrations above 0.1 % (w/v).
Carbon source utilization was determined using mineral medium M1 supplemented with 0.005 % yeast extract and the individual carbon sources listed in Table 1 and given in the species description in a concentration of 0.05 % (w/v). Cultivation was done in 120 ml flasks containing 10 ml medium. Cultures were incubated at 22 C for 2-3 weeks on a shaker. The ability to degrade different biopolymers was examined by measuring the rate of CO 2 production in tightly closed 160 ml serum bottles containing 10 ml liquid medium M1 with 0.005 % yeast extract as a growth factor and 0.05 % (w/v) of the corresponding polymer substrate for 1 month at 22 C. Control incubations were run in parallel under the same conditions but without a polymer substrate. CO 2 concentration was measured with a non-dispersive infra-red gas-analyzer 'Infralit' (Gemany). All experiments were performed in triplicate. Oxidative and fermentative utilization of carbohydrates was determined as described for the Hugh-Leifson test [19] . Nitrogen sources were tested using liquid medium M1 in which (NH 4 ) 2 SO 4 was replaced with one of the following compounds at a concentration of 0.01 % (w/v): KNO 3 , KNO 2 , urea, N-acetylglucosamine, Bacto peptone, Bacto yeast extract or one of the amino acids listed in Table 1 . Analyses of enzymatic profiles, oxidase test, gelatin and urease hydrolysis, and indole production were made with API ZYM and API 20NE kits (bioM erieux). Catalase test was carried out by standard method [19] . Cultures were tested for growth under anaerobic conditions in anaerobic jars by using AnaeroGen anaerobic system envelopes (Oxoid), which absorb atmospheric oxygen with the simultaneous generation of CO 2 (up to 9-13 %, v/v).
Strain SP5
T was an obligately aerobic chemoheterotroph. It was not capable of growth under anoxic conditions. The preferred growth substrates were various sugars, including N-acetylglucosamine, and some heteropolysaccharides, such as laminarin, aesculin, gelatin, lichenan, starch, xanthan and xylan (see Table 1 and the species description). Organic acids were not utilized. Cellulose, pectin, casein, chondroitin sulfate and chitosan were not hydrolysed. Although strain SP5
T was unable to degrade chitin from crab shells, weak growth was observed on amorphous chitin prepared as described elsewhere [21] .
Susceptibility to antibiotics was determined on solid medium M31 using discs (Oxoid) containing the following antibiotics (µg per disc): ampicillin (10), gentamicin (10), kanamycin (30), neomycin (10), novobiocin (30), streptomycin (10), chloramphenicol (30) and lincomycin (10) . Growth of strain SP5
T and occurrence of growth inhibition zones around these discs was assessed after incubation for 4 weeks at 22 C. Only the inhibition zones exceeding 2 mm were taken into account. Strain SP5
T was resistant to ampicillin, streptomycin, lincomycin and novobiocin, but sensitive to kanamycin, chloramphenicol, neomycin and gentamicin.
For analysis of lipids (including fatty acids), cells of strain SP5
T were grown in liquid medium M31 and harvested in the late exponential growth phase. Lipids were analysed after base hydrolysis of the total extract and the residue after extraction following the procedure described by Kulichevskaya et al. [4] . The fatty acid composition of strain SP5 T was profoundly different from that in earlier described Gemmata-like planctomycetes ( Table 2 ). The major fatty acids detected in strain SP5
T were C 20 : 1 !9c, C 16 : 1 !9c and C 16 : 0 . The unusual fatty acid C 20 : 1 !9c, which comprised one half of total fatty acids in the novel isolate, is absent from type strains of T. sphagniphila, Z. formosa and G. obscuriglobus. The polyunsaturated hydrocarbon C 31 : 9 was detected in all four strains ( Table 2) . Hydrolysis of the residue after extraction of strain SP5
T yielded substantial amounts of long-chain (!À1)OH fatty acids with the C 30 : 1 predominating (Table 2) . Notably, these bound long-chain (!À1)OH fatty acids are also present in T. sphagniphila and Z. formosa, but absent in G. obscuriglobus ( Table 2 ). The main intact polar lipids in strain SP5
T were analysed as reported previously by Moore et al. [22] . Trimethylornithine intact polar lipids were the major constituents, while minor amounts of phosphatidylglycerol, dimethylphosphatidylethanolamine, dimethylornithine, ornithine and phosphatidylcholine were also detected (data not shown).
Isoprenoid quinones were extracted according to Collins [23] and analysed using a tandem-type mass spectrometer LCQ ADVANTAGE MAX and a Finnigan Mat 8430 ionization mass spectrometer. The mass spectra were first recorded in MS9 mode and then analysed using MS/MS mode. Similar to other members of the order Planctomycetales [24] , strain SP5
T contained menaquinone-6 (MK-6) as the only isoprenoid quinone.
The DNA base composition of the novel isolate was determined by thermal denaturation using a Cary-100 UV-VIS spectrophotometer (Varian) at a heating rate of 0.5 C min
À1
. The mol% G+C value was calculated according to Owen et al. [25] . DNA of Escherichia coli K-12 (G+C value 51.7 mol%) was used as the standard. The DNA G+C content of strain SP5 T was 60.7 mol%.
PCR-mediated amplification of the 16S rRNA gene from positions 28 to 1491 (numbering according to the International Union of Biochemistry nomenclature for Escherichia coli 16S rRNA) was performed using primers 9f and 1492r and reaction conditions described by Weisburg et al. [26] . The 16S rRNA gene amplicons were purified using QIAquick spin columns (Qiagen) and sequenced on an ABI Prism 377 DNA sequencer using BigDye terminator chemistry, as specified by the manufacturer (PE Applied Biosystems). Phylogenetic analysis was carried out using the ARB program package [27] . The significance levels of interior branch points obtained in the neighbour-joining analysis were determined by bootstrap analysis (based on 1000 data resamplings) using PHYLIP [28] . The comparative 16S rRNA gene-based analysis confirmed that strain SP5 T belongs to the order Planctomycetales and is a member of the coherent phylogenetic cluster defined by the genus Gemmata (Fig. 2) . The minimum sequence identity within this cluster is about 86 %, which is close to the taxonomic threshold defined for the family level [29] . This cluster is strongly supported by all algorithms used for the tree reconstruction and accommodates morphologically similar, budding bacteria with spherical or ellipsoidal cells that are uniformly covered with crateriform pits. The 16S rRNA gene sequence similarity between members of the Gemmata-like cluster and other taxonomically described organisms within the order Planctomycetales is in the range of 79-82 %. Based on this phylogenetic divergence (Fig. 2) and the phenotypic similarity between members of the Gemmata-like cluster, the latter should be given the status of a family, i.e. Gemmataceae fam. nov. Strain SP5
T is a member of the Gemmataceae fam. nov. but is only distantly related to other described representatives of this family. It displayed 88 and 89 % 16S rRNA gene sequence similarity to G. obscuriglobus UQM 2246 T and 'G. massiliana' IIL30, respectively, 89 % to Z. formosa A10
T and 86 % to T. sphagniphila SP2 T . The highest 16S rRNA gene sequence similarity (93 %) was observed with several undescribed planctomycetes isolated from forest and pasture soils (GenBank accession numbers G Q889455, GQ889466 and GQ889484).
In summary, strain SP5
T was phylogenetically (Fig. 2 ) and phenotypically (Table 1 ) distinct from members of the genera Gemmata, Zavarzinella and Telmatocola. The absence of motile swarm cells distinguished strain SP5
T from species of the genera Gemmata and Zavarzinella. The inability to form thick stalks as well as rosettes or dendriform-like structures differentiated it from Z. formosa and T. sphagniphila. Pospholipid fatty acid composition of strain SP5
T was clearly different from that in Gemmata, Zavarzinella and Telmatocola ( Table 2 ). The presence of C 20 : 1 !9c distinguished strain SP5 T from all previously described Gemmata-related planctomycetes. These differences suggest that strain SP5
T represents a novel species of a new genus of planctomycetes, for which the name Fimbriiglobus ruber gen. nov., sp. nov. is proposed. A novel family, Gemmataceae fam. nov., which includes the phylogenetically related genera Gemmata, Zavarzinella, Telmatocola and Fimbriiglobus is also proposed.
DESCRIPTION OF FIMBRIIGLOBUS GEN. NOV.
Fimbriiglobus (Fim.bri.i. glo¢bus. L. pl. n. fimbriae fibres, threads, fringe, and in biology, fimbriae; L. masc. n. globus ball; N.L. masc. n. Fimbriiglobus fimbriae-covered ball).
Spherical cells that occur singly, in pairs or are assembled in large aggregates during growth on solid or liquid media. Reproduce by budding. Both daughter and adult cells are non-motile. Chemoheterotrophic aerobe. Moderately The type species is Fimbriiglobus ruber.
DESCRIPTION OF FIMBRIIGLOBUS RUBER SP. NOV.
Fimbriiglobus ruber (ru¢ber. L. masc. adj. ruber red coloured, referring to the pigmentation of the bacterium).
Exhibits the following properties in addition to those given in the genus description. 
DESCRIPTION OF GEMMATACEAE FAM. NOV.
Gemmataceae (Gem.ma.ta.ce¢ae. N.L. fem. n. Gemmata type genus of the family; -aceae ending to denote a family; N.L. fem. pl. n. Gemmataceae the Gemmata family).
Gram-stain-negative, budding bacteria with spherical or ellipsoidal cells, which occur singly, in pairs or are assembled in large rosette-like clusters and dendriform-like structures. Crateriform pits are scattered all over cell surface. Some representatives form thick stalks. Daughter cells are commonly motile but some representatives with non-motile swarm cells also occur. Chemoorganotrophs. Strict aerobes. The family belongs to the class Planctomycetacia, order Planctomycetales. T to representative members of the order Planctomycetales. I -the family Isosphaeraceae, II -boundaries proposed for the family Gemmataceae fam. nov. The significance levels of interior branch points obtained in neighbour-joining analysis were determined by bootstrap analysis (1000 data resamplings); only bootstrap values >50 % are shown. Filled circles indicate that the corresponding nodes were also recovered in the maximum-likelihood and maximum-parsimony trees. The root (not shown) was composed of five 16S rRNA gene sequences from anammox planctomycetes (GenBank accession numbers AF375994, AF375995, AY254883, AY257181 and AY254882). Bar, 0.1 substitutions per nucleotide position.
